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Indeed, antibiotic susceptibility testing showed that it is resistant to most antibiotics 124 tested, remaining susceptible only to imipenem, meropenem, doripenem, amikacin, 125
isolates from different STs 19 . Additional NS SNPs were identified in the ftsI gene: E349K 159 and I532L in association with the YRIN insertion and A413V with the YRIK insertion. 160
The YRIK insertion in PBP3 was previously shown to confer reduced susceptibility to 161 different β-lactams including ampicillin, cefepime and aztreonam but not to 162 carbapenems 19 . 163 164 supplemented with 0.3M NaCl. Bars represent confidence intervals; *, P < 0.05; **, P < 178 0.01; ***, P < 0.001.
180
Mutations in the porin genes ompC and ompF are predicted to also have 181 contributed to the selection of the ST410 OXA-181 subclade. To identify additional 182 polymorphisms that might have contributed to the dissemination of the Ec ST410 OXA-183 181 subclade, we analysed the potential effect of non-synonymous mutations in the 184 branch leading to its MRCA by using the SIFT algorithm 20 . We identified 34 NS mutations 185 with a predicted functional effect (nine in the recombined region) (Supplementary Table  186 6). Eight of these mutations affected genes from the class "transporter" including the 187 multidrug efflux transporter components emrD and emrK and five from the class "cell 188 envelope". These mutations might have been selected in relation to modifications in 189 antibiotic susceptibility. 190
Among mutations affecting functions related to the cell envelope, one was the ftsI 191 mutation I532L; another affected the porin gene ompC at a conserved arginine residue 192 in the L4 loop (R195L, OmpC MG1655 numbering), one of the gateways for 193 carbapenems (Fig. 3a) 21 . Arg195 is exposed, at the vestibule of the pore lumen and is 194 conserved in OmpF 22 . Therefore, its replacement by a leucine, a non-polar AA, might 195 affect permeation of β-lactams into the periplasm as we confirmed experimentally (see 196 below). While we did not detect mutations in ompF coding sequence in the OXA-181 197 subclade, we identified a mutation in ompF regulatory region. This mutation replaces a 198 conserved cytosine to a thymine residue in the proximal (F3) OmpR binding site. OmpR 199 is a transcriptional activator of ompF and ompC expression and this mutation is 200 predicted to affect ompF expression (Fig. 2c) isolates. The G137D replacement was identified in a ST361 lineage enriched in CP-Ec 266 isolates ( Supplementary Fig. 4 ) and in four independent CP-Ec isolates from ST410, 267 ST448 and ST617 ( Fig. 1 and Supplementary Fig. 4 ), and the G132D in a carbapenemase 268 resistant isolate belonging to a ST410 lineage mutated in ftsI and in two ST405 isolates 269 ( Fig. 1 and Supplementary Fig. 5 ). However, the most frequent ompC modification 270 associated with CP-Ec isolates was the replacement of the original allele by alleles 271 originating from phylogroup D strains through recombination (Fig. 3b) . Indeed, weobserved 16 independent recombination events, notably in the broadly distributed 273 ST167 subcluster with a 22.7 kb recombined region from ST38 ( Supplementary Fig. 6 ). 274
Strikingly, OmpC proteins from phylogroup D isolates differ from other E. coli OmpC 275
proteins at the two aforementioned residues G137 and R195 by negatively charged 276 residues, D and E respectively ( Fig. 3 ). In total, we detected 52 independent recombination events 308 involving a mutated ftsI allele scattered in all E. coli phylogroups except the B2 strains. 309
Indeed, in Ec ST131 from the B2 phylogroup, despite the large number of CP-Ec isolates 310 (n=49 nr-isolates), no isolate was mutated in ftsI ( Supplementary Fig. 7 ). 311
Acquisition of carbapenemase genes was preferentially selected in 312
backgrounds mutated in ompC, ompF and ftsI. The observation of frequent co-313 occurrences of mutations in the three genes and acquisition of a carbapenemase gene is 314 indicative of a genetic dependency between these events. In order to statistically test for 315 the independence of two events in the phylogeny of each ST, we applied the methods 316 (EpiCs) developed by Behdenna et al. 28 . This method takes into account the topology of 317 the tree and the node at which each event is predicted, by parsimony, to have occurred 318 (Fig. 6a) . The test is based on a probabilistic framework that computes the exactprobability of counts of co-occurrences (two events in the same branch) and/or 320 subsequent events (one preceding the other in the tree). This statistical analysis was 321 repeated on the 20 STs containing at least four CP-Ec isolates after removing 322 redundancy. In each case, both models, ie: mutations occurring first or carbapenemase 323 gene being acquired first, were tested. We obtained no evidence for the model where 324 carbepenemase genes were acquired first. In contrast, in 11 STs, a significant association 325 was observed for mutations in ftsI and the acquisition of a carbapenemase gene, with 326 the mutation predicted to have occurred first in nine ST. Similarly, ompC and ompF 327 mutations show a significant association with carbapenemase acquisition in seven STs 328 each. For both porin genes, mutations were predicted to have occurred first in six STs. In 329 three STs, mutations in the three genes precede the acquisition of the carbapenemase 330 gene: ST167, ST101 and ST359. This result showed that carbapenemase genes within 331 these 11 ST are preferentially acquired in a genetic background with a reduced 332 susceptibility to β-lactams resulting of mutations in these three genes. 333
We did not detect such an association for ST131 (49 nr-CP-Ec isolates), ST10 (12 334 nr-CP-Ec isolates), ST648 (11 nr-CP-Ec isolates), ST226 (7 nr-CP-Ec isolates) and ST38 335 (26 nr-CP-Ec isolates). ST648 and ST38 belong to phylogroup D, the phylogroup that 336 served as the source for the dissemination of specific ompC alleles by recombination in 337 other CP-Ec lineages. As these alleles were present in the ancestors of the two STs and 338 did not result from mutation or recombination, they were not considered in our 339 association analysis although they probably confer a predisposition to acquire a 340 carbapenemase gene. ST10 was the most numerous ST analysed in this study with 528 341 nr-isolates and showed a low rate of CP-Ec of 2% (Supplementary Fig 8) . Despite the 342 large number of CP-Ec ST131 isolates, none showed a four codons insertion in ftsI or an 343 AA change in OmpC predicted to decrease susceptibility. In addition, among the 29 344 ST131 isolates with an inactivated ompF gene, only eight carry a carbapenemase gene. 345
Furthermore CP-Ec were equally distributed in the four ST131 lineages A, B, C1 and C2 346 (Supplementary Fig. 7) . Therefore, acquisition of carbapenemase genes in ST131 347 isolates might proceed according to a different path. 348 localized in the pore lumen; in green, homologous recombination of an ftsI alleles with a 358 4 codon insertion (Fig. 2) ; and in yellow, acquisition of a carbapenemase gene. b. Testing 359 for the independence between the acquisition of carbapenemase genes and mutations in 360 porin genes, and/or ftsI. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 361
Carbapenemase genes were more frequently acquired in MDR 362 backgrounds. A characteristic of the ST410 OXA-181 subclade compared to other 363 ST410 Ec isolates is a globally higher number of ARGs. To determine whether this 364 observation can be extended to other CP-Ec isolates, we systematically analysed for 365 their ARG content the isolates belonging to the 10 STs with more than 10 CP-Ec isolates. 366
In most STs CP-Ec isolates showed a significantly higher number of ARG than non-CP Ec 367
isolates. Only in ST38, ST167, and ST 648 the number of ARG was not significantly 368 superior in CP-Ec (Fig. 6) we tested experimentally their impact on the susceptibility of E. coli to β-lactams. We 387 first determined the contribution of the three mutations in ftsI (YRIN insertion, E349K 388 and I532L) identified in the OXA-181 lineage. To this aim we constructed derivatives of 389 the ST10 strain MG1655 with combinations of these mutations (Fig. 2b) . Individually, 390 each mutation showed only a small effect on susceptibility to β-lactam targeting PBP3. 391
However, the combination of two or three mutations led to a stronger decrease in the 392 susceptibility to these antibiotics. In particular, the MG1655 PBP3 derivative with the 393 three modifications showed, in the absence of any β-lactamase, a 32, 16 and 14-fold 394 increase in the MIC to the third-generation cephalosporin cefotaxime, to the 395 monobactam aztreonam and to piperacillin respectively. This strain showed a slight 396 increase in the MIC to ertapenem (x4), which mainly targets PBP2 and to a lesser extend 397 PBB3, but no difference in the MIC to meropenem and imipenem that show low affinity 398 for PBP3 29 . 399
To test the impact of mutations and recombination in ompC on β-lactams 400 permeability, we complemented an E. coli K12 strain lacking the two major porins and 401 carrying pOXA-232 (a high copy number plasmid encoding the carbapenemase blaOXA-402 232 30 ) and tested for susceptibility to β-lactams (Fig. 3c) . The wild type (wt) ST167 403 (CC10) ompC allele, and its G137D derivative, the ST38 (phylogroup D) allele, the wt 404 ST410 allele and its R195L derivative were cloned into the medium copy number vector 405 pACYC184 24 . Complementation with the different alleles of ompC led to an increased 406 susceptibility to most β-lactams tested. However, we observed a differential effect of the 407 different alleles of ompC (Fig. 3c) . In particular we observed that strains expressing the 408 R195L, the G137D and the ST38 ompC alleles showed reduced susceptibilities to 409 cefalotin, cefoxitin, moxalactam and ertapenem compared to the strain complemented 410 with the wt ST167 and ST410 alleles. These results confirm our prediction that the two 411 ompC variants and the ST38 allele associated with Cp-Ec isolates show lower 412 permeability towards different ß-lactams including ertapenem than their wild type 413
counterparts. 414
In E. coli, the OmpF porin has been shown to contribute to the permeation of β-415 lactams into the periplasm and to susceptibility to these antibiotics 31 . To estimate the 416 impact on β-lactam susceptibility of the mutation in the ompF promoter region 417 identified in the ST410 OXA-181 subclade we quantified ompF mRNA by qRT-PCR. We 418 compared ompF at normal and high osmolarity (LB and LB supplemented with 1M NaCl)between two isolates from the OXA-181 subclade (mutated) and two isolates from the 420 FQR clade (non-mutated). As control, we also quantified ompC expression. We observed 421 a 15 to 30 and 5-fold reduction in ompF expression in LB and LB-NaCl respectively in the 422 mutated isolates compared to wild-type, whereas ompC expression remained unchanged 423 (Fig. 2d) . This confirmed that the regulatory mutation identified in the OXA-181 424 subclade leads to a decreased ompF expression in these isolates that will reduce entry of 425 β-lactams into the periplasm and antibiotic susceptibility. (YRIK insertion) and the two other isolates without any mutation in the three genes. We 435 observed, by disk diffusion assay and Etest, a gradual decrease in the susceptibility to 436 diverse β-lactams between the four groups of isolates: CTX-M15 < CTX-M15, OXA-181 < 437 CTX-M15, OXA-181, YRIK insertion in PBP3 < OXA-181 subclade ( Fig. 7a and b) . (Fig. 7b) . The isolates from the OXA-181 subclade showed a 445 decreased susceptibility to ertapenem and meropenem likely resulting from ompC and 446 ftsI mutations for ertapenem. 447
To determine whether these mutations have an impact on fitness we compared 448 growth parameters in LB, MH and M9 media as proxy. Despite the higher resistance to 449 antibiotics, we did not detect any significant differences in the growth parameters in 450 rich medium among the six isolates tested (Fig. 7c) suggesting these mutations have no 451 fitness cost or their effect has been compensated by other mutations. The two isolates 452 from the OXA-181 subclade and the non-OXA-181 isolate 32139 grew at a higher OD600 453 in minimal medium than the three other isolates (Fig. 7c) Here, we first analysed the worldwide disseminated CP-Ec OXA-181 ST410 489 subclade and extended this analysis to the whole E. coli species. We showed that 490 carbapenemase genes were preferentially acquired in lineages already mutated in three 491 genes contributing to β-lactam resistance: ompC, ompF and ftsI. Indeed, in 13 STs 492 representing 54% (n=234) of the non-redundant CP isolates analysed in this work, a 493 combined phylogenetic and statistical analysis revealed a significant association 494 between mutations of these genes and subsequent acquisition of a carbapenemase gene 495 (Fig. 5) . Globally we found that 45%, 32% and 38% of the studied CP-Ec isolates were 496 mutated in ftsI, ompC and ompF respectively. The association was best exemplified by a 497 large clade among ST167 isolates first defined by a mutation in an OmpR box within the 498 ompF promoter region. Within this clade, six events of recombination led to the 499 acquisition of mutations in ftsI and four genetic events modified the ompC gene: two 500 recombination events leading to its replacement by an allele from a phylogroup D strain 501 and two homoplasic G137D mutations affecting AA of the pore lumen. Eventually, 502 multiple events of acquisition of carbapenemase genes were selected (Supplementary 503 Fig. 3) . Interestingly, the encoded carbapenemases belonged to different families that 504 differ by the levels of carbapenem resistance and by the spectrum of β-lactams they 505 hydrolyze 36 . Therefore, the scenario originally detected in the ST410 OXA-181 subcladeexpands to numerous other STs and does not seem to depend on the carbapenemase 507 family. 508
Such a situation is reminiscent of what has recently been observed in the 509
K. pneumoniae high-risk clones ST258, ST512 and ST11 37 . In these clones, the 510 acquisition of carbapenemase genes was frequently associated with the inactivation of 511 the porin gene ompK35 (equivalent of E. coli ompF) and mutations in ompK36 512 (equivalent of ompC). In CP-Ec, we observed ompC inactivation in a few isolates, 513 probably due to a high fitness cost of this event. Instead, like in K. pneumoniae, the 514 selected mutations affected ompC permeability towards β-lactams (Fig. 3c) while 515 probably keeping the global function of the porin. This likely leads to a lower fitness cost 516 than gene inactivation, as also hypothesized in K. pneumoniae 37 . In contrast, both ompF 517 inactivation or mutations with likely a lower fitness cost such as those in its promoter 518 region were observed in CP-Ec. This indicates that, under in vivo growth conditions, the 519
OmpF porin might be more easily dispensable than OmpC. On the other hand, PBP3 is 520 essential for cell division and selection of ftsI mutants is expected to be highly 521 evolutionary constrained. This might explain the extremely rare ftsI mutations 522 previously reported in clinical lineages of E. coli. This contrasts with the high frequency 523 of ftsI mutations observed among Cp-Ec isolates. 524
During the evolution of CP-Ec lineages, recombination events involving ftsI and 525 ompC were pervasive throughout the E. coli species except among phylogroup B2. We 526 identified four combinations of mutations in ftsI frequently associated with CP-Ec 527 isolates (Fig. 2a) . To our knowledge these modifications are the only mutations 528 contributing to β-lactams reported in natural E. coli isolates 19, 25 . Nevertheless, the 529 A413V mutation found in association with three types of insertions, has recently been 530 selected during serial passages of E. coli in the presence of aztreonam and shown to lead 531 to a four-fold decreased susceptibility to this antibiotic 38 . This result is in agreement 532 with our prediction that this mutation might contribute to resistance to β-lactams of 533 isolates carrying YRIK, YTIP or YRIP insertions as we have shown for the two SNPs 534 associated with the YRIN duplication (Fig. 2b) . The chance of mutation combinations 535 leading to a significant decrease in susceptibility is likely very low, but the selective 536 advantage strong. In agreement with this hypothesis, the phylogenetic reconstruction of 537 the recombination events showed that these combinations arose likely only once and 538 disseminated widely across the E. coli species by LGT, as we identified 48 events of 539 recombination (Fig. 4) . Most of these recombination events were associated with at least 540 one CP-Ec isolates (n=46) and in 24 cases it corresponded to disseminated lineages (i.e. 541 with more than three isolates from different geographical origins). We observed a 542 similar situation for the porin OmpC, with 20 events of recombination events of ompC 543 alleles originating from phylogroup D isolates. The chromosomal region next to the 544 ompC gene has been shown as a hotspot of recombination 39 . However, we observed that 545 the acquisition of this specific allele was associated with acquisition of carbapenemase 546 genes in most cases (n=15). Recombination has been shown to play a major role in β-547 lactam resistance in pneumococcus 40 or in Neisseria spp 41 . Altogether, our data show for 548 the first time that in addition to the LGT of β-lactamase genes located on MGE, 549 recombination has a significant contribution in β-lactam resistance in E. coli, including 550
carbapenems. 551
Further comparisons of β-lactam susceptibility and fitness among ST410 isolates 552 carrying the same blaOXA-181-bearing plasmid and blaCTX-M-15 gene with different patterns 553 of mutations in ompC, ompF and ftsI showed that in these clinical isolates and 554 particularly in the broadly disseminated OXA-181 subclade, these mutations were not 555 associated with a fitness cost (Fig. 7c) . We also observed that increased resistance to β-556 lactams could be attributable to mutations in the three genes, in agreement with our 557 experimental study of these mutations individually ( Fig. 2 and 3) . In particular, for the 558 OXA-181 subclade, we observed an additional decrease in the susceptibility to 559
ertapenem. Interestingly, ertapenem shows a higher biliary excretion than other 560 carbapenems and was found to have a stronger impact on the intestinal microflora 42 . ftsI 561 mutations were also found to be selected during in vitro evolution in the presence of 562 ertapenem but not meropenem 43 . However, other β-lactams like aztreonam might also 563 have contributed to the selection of these combinations of mutations 38 . 564
A characteristic of the ST410 OXA-181 subclade is a higher number of ARG than 565 in other ST410 Ec isolates ( Supplementary Fig. 1 ), suggesting that antibiotic pressure 566 was a major contributor to the evolution of this clone. In particular, the phylogenetic 567 analysis reveals that mutations in ompC, ompF and ftsI occurred in a context already 568 resistant to fluoroquinolone and expressing CTX-M-15 ESBL (Fig. 1) . A systematic 569 analysis of the number of ARG across the E. coli species showed that a higher number of 570 ARG in CP-Ec compared to non-CP-Ec isolates was a common feature in all STs with 571 more than 10 CP-Ec isolates. A single exception was ST167 where a similarly high 572 number of ARG was observed in both CP and non-CP-Ec isolates analysed (Fig. 6) . 573 Therefore, for these STs, acquisition of carbapenemase genes occurred more frequently 574 in an MDR background. We also observed a frequent co-occurrence of CTX-M family 575 ESBL and carbapenemase genes in most ST, but not in the ST131 lineage. In all, these 576 data suggest a long-term and step by step evolution of those lineages with episodic 577 periods of selection and dissemination. As a first step, specific mutations in ompF, ompC 578 or ftsI would have been fixed in isolates already expressing different β-lactamases 579 including ESBL enzymes, leading to low levels of resistance to carbapenems 44 . This 580 scenario is compatible with our phylogenetic analysis and the high frequency of blaCTX-M 581 genes in isolates mutated in ftsI (78% of nr-isolates) and with our experimental data on 582 the effect of mutations in porin genes and in ftsI on β-lactam susceptibility ( Fig. 2 and 3) . 583
In a second step, under antibiotic pressure, the combination of these mutations and β-584 lactamase expression might have favored the efficient conjugative transfer of plasmids 585 carrying carbapenemase genes from other CP-bacterial species by increasing the 586 proportion of donor and receptor bacteria 45 . This might have occurred in the context of 587 low levels of carbapenems or other β-lactams, such as found in the gut during parenteral 588 administration of antibiotics with biliary excretion. This model could also explain the 589 high prevalence of ST38 isolates observed both in England and in France 8,9 , as 24 out of 590 27 (89%) ST38 CP-Ec isolates express a CTX-M class enzymes. The specific ST38 ompC 591 allele with reduced permeability to different β-lactams including ertapenem together 592 with CTX-M ESBL would have favored the fixation of carbapenemase genes. 593
Although CP-Ec were frequent among the ST131 isolates studied here, with 49 594 nr-isolates (66 in total), we did not observe any case of four AA insertions in ftsI or of 595 mutations affecting AA in the pore lumen of OmpC among the 402 nr-genome sequences 596 we have analysed. Furthermore, CP-Ec isolates were broadly distributed among the 597 different ST131 lineages and were not associated with CTX-M type ESBL since only 37% 598 expressed also β-lactamase of this class (Fig. 6b) . The selection for ST131 CP-Ec isolates 599 might therefore follow a different path compared to others CP-Ec, which might be 600 related to their higher and human-specific pathogenicity 46 . ST131 CP-Ec isolates might 601 arise sporadically in patients following conjugation of carbapenemase gene carrying
